Due to the severity of the global energy crisis and environmental pollution, the photovoltaic (PV) system has become one kind of important renewable energy source. Solar energy has the advantages of maximum reserve, inexhaustibleness, and is free from geographical restrictions, thus making PV technology a popular research topic. This study is aimed at developing a PV charging system for Li-ion batteries by integrating Maximum Power Point Tracking (MPPT) and charging control for the battery. In order to enable the solar cell to use the sunlight effectively, a DC/DC boost converter for solar power generation was first designed, which used the MPPT Algorithm of Variable Step Size Incremental Conductance Method (INC) to enable the solar cell to track the MPPT at any time. The output from the DC/DC boost converter then entered the DC/DC buck converter to reduce the voltage for charging purposes. The charging system uses a constant voltage method to charge the Liion battery. The PI controller design Constant Voltage (CV) charging method uses a genetic algorithm to determine the optimal gain value. The numerical simulation showed that the PV charging system proposed by this study is easily realized, and can resist the disturbance of external environmental changes, and achieve fast charging.
Introduction
The photovoltaic (PV) system has developed rapidly in the past decade, and has become a mature technology. It is considered an important renewable energy as it is a clean energy that is easy to maintain and produces very low noise. However, as it can use sunlight for only a limited time within a day, and also depends on the weather and environmental conditions, the PV system must have a Maximum Power Point Tracking (MPPT) controller to enable the system to utilize solar energy most efficiently at any time [1] .
At present, the common MPPT control methods include: (1) voltage feedback method, which obtains the voltage of MPPT of solar cell in a fixed environment; although its design is simple, this method cannot track the MPPT in different climatic environments automatically [2] ; (2) perturbation and observation method (P&O), which increases or decreases the terminal voltage of the solar cell in a fixed duty cycle; if the perturbation causes the output power of the solar cell to rise, the perturbation will keep moving in the same direction, so as to increase the voltage of the solar cell; on the contrary, if the perturbation causes the output power of the solar cell to decrease, the perturbation will move in the inverse direction, so as to reduce the voltage of the solar cell to track the MPPT; its defect is that there will be an oscillation effect when the operation reaches the MPPT, so the electrical energy cannot be utilized effectively [3] ; (3) incremental conductance method (INC), which searches for dP/dV = 0, based on a similar control principle as P&O; when its step is large, its tracking speed will be high, but the steady-state oscillation amplitude will also be large; on the contrary, when its step is small, the tracking will be slow, and the steady-state oscillation will be reduced relatively [4] . This study is discussed the INC, and uses the Variable Step Size Incremental Conductance Method to realize the MPPT of the solar cell [5] .
Under the development of portable equipment, the secondary Li-ion battery has become the electrical energy source for most portable products, such as mobile phones, notebook computers, and PDAs. At present, the common Li-ion battery charging control methods include: (1) Constant Voltage charging method (CV): this method controls the voltage of a fully charged battery at the set voltage, so the battery will not be over charged; (2) Constant Current charging method (CC): under normal conditions, when the Li-ion battery is fully charged, its temperature does not change excessively, and the CC compares the normally working temperature change as the cut-off condition; this charging method is inapplicable to a Li-ion battery [6] ; (3) Constant Current/Constant Voltage charging method (CC/CV), this method is two-stage charging, the battery is charged at a constant current at the first stage, when the battery voltage reaches the set value, it is charged at a constant voltage [7, 8] ; (4) Pulse charging method: this method uses a recurrent pulse current to charge the battery, the battery has a rest period when charging in order to prolong the battery life [9] ; (5) Reflex charging method: this method is similar to the pulse charging method, and based on the pulse charging method, the discharge pulse current is supplied during pulse current charging in order to extend the battery life [10] . Among the above methods, the CC is inapplicable to the Li-ion battery; the design of the CC/CV, pulse charging method and reflex charging method is complicated and inapplicable to the design of small solar cell chargers. Therefore, this study used the CV method, which has a simple structure, with the control circuit easily realized on portable devices, so as to save cost.
Based on the PV technology, this study integrated a PV system with a Li-ion battery charging system [11] , combined with the Variable Step Size Incremental Conductance Method, and used CV at the battery end to control the charging of the Li-ion battery. The PI controller of CV used genetic algorithms (GA) to determine the optimal K P and K I values, so as to realize fast charging of the Li-ion battery.
Characteristics of a solar cell
A solar cell combines the PV semiconductor, P-type semiconductor and N-type semiconductor for solar power generation. It generates electron holes and electrons when it is irradiated by sunlight, so the current flows through to generate power. The principle of photovoltaic power generation is shown in Fig. 1 .
Whether the solar cell is in series or parallel connection, its mathematical model can be simply expressed as 
MPPT system design
The step of the MPPT Algorithm of traditional INC is fixed. If the large step control is adopted, the solar cell can track the MPPT rapidly; however, the large step tracking also causes a larger oscillation effect in the steady-state, thus resulting in low efficiency output. On the contrary, if the MPPT is tracked slowly, the oscillation is small in the steady-state. Therefore, the step fixed INC must select either instantaneousness or steady-state.
This study used the Variable Step Size Incremental Conductance Method [12] , which can track the MPPT rapidly. As the steady-state oscillation is very slight, its efficiency is better than that of traditional INC. In application, the MPPT Algorithm is connected between the solar cell and the DC/DC boost converter. The solar cell output controls the duty cycle of the power converter directly to reduce the complexity of system [13] . The flow chart of the improved MPPT algorithm of INC is shown in Fig. 3 . The duty cycle of the converter is self-modulated.
In the system of output power of the solar cell directly controlling the duty cycle of the converter, V (t) and I(t) are the voltage and current of solar cell output in time t. D(t) and duty are the duty cycle and the change of duty cycle. The design of the variable step reduces the above problems, as shown in the following equation [14] 
where parameter n is the scaling factor for adjusting the step size.
The MPPT of PV can be realized by a DC/DC boost converter. The system is shown in Fig. 4 . The MPPT controller is based on the Variable Step Size Incremental Conductance Method.
The operating principle of the DC/DC boost converter is shown in Fig. 5 . The transistor cut-on time is t on , and the transistor cut-off time is t off . The operating mode of the DC/DC boost converter is shown in the figure. When S 1 = 1, it is in the cut-on state, the inductance voltage (V L ) equals the input voltage (V PV ). When S 1 = 0, it is in the cut-off state, the inductance voltage is the difference between input voltage and output voltage (V o ), t on and t off represent the cut-on and cut-off time cycles of the converter respectively. T = t on + t off . When the inductance (L) is in steady-state, the average voltage of one cycle is zero, the Eq. (1) can be obtained
According to Eq. (1)
where
is the switch duty cycle. Fig. 6 shows the equivalent circuit of DC/DC boost converter in cut-on and cut-off. The mathematical equation of the voltage and current of the converter in different states can be deduced from this system.
When the transistor is in cut-off, i.e. S = 0, the mathematical equations of output voltage and current can be expressed When the transistor is in cut-on, i.e. S = 1, the mathematical equation of output voltage and current can be expressed aṡ
The dynamic equations can be deduced from Eqs. (3) and (4) by using the state space average method [15] , and the duty cycle of transistor PWM is led in Eq. (5).
. Therefore, the dynamic equations can be deduced as followṡ
where the duty cycle (D) represents the control input of the transistor. The inductance and resistance are neglected. If i L is the solar cell current, the above equations can realize a nonlinear time varying system as followṡ
Genetic algorithm
The Genetic Algorithm (GA) was first proposed by John Holland in 1960, who established the foundation of this algorithm in his Adaptation in Natural and Artificial Systems in 1975. The GA is one of optimization methods [16] , which has fewer restrains on solving, does not require complicated and precise mathematical equations, and uses only the fitness function to search for a global optimal solution. The seven elements of the GA are:
• Defined chromosome condition.
• Generate initial population.
• Fitness function design.
• Selection.
• Crossover.
• Mutation.
• Termination condition.
The basic flow of the GA is shown in Fig. 7: The determination of fitness function is the key point of the GA. The fitness function is the basis of searching for an optimal solution, i.e. identifying the adaptability of a chromosome, so as to decide the existence of a chromosome. In the search process of the GA, each generation produces an adaptive population. When this population is higher than the last generation, it means that the new population is better than the last generation's population, and the new generation's excellent population is more likely to be preserved. Finally, the preserved population is the optimal solution of the fitness function. Therefore, the design quality of the fitness function will influence whether the GA can obtain an optimal solution.
The fitness function in this paper is designed as the absolute value and integral of errors between input and output, and the maximum value of each calculation process is taken as the adaptive value. This fitness function is expressed as follows
The rank of the GA is the calculation method. The adaptive values searched for in the out of calculation process are arranged in order.
Principle of battery charging
The CV is the mostly used method for the moment, charging the battery at a fixed voltage. It has a simple circuit architecture, and the control circuit is easy to design. The factor of voltage difference impels the battery to make a reverse chemical reaction to store energy. Fig. 8 shows the charging curve of CV.
The CV of this study uses a DC/DC buck converter that is connected to first-order output, so the voltage and current of first-order MPP controls the CV for Li-ion battery. The constant voltage structure is that the feedback output voltage uses a PI controller to control the duty cycle. As the PI controller can suppress high frequency noise to improve the system or to eliminate steady-state error, the battery output reaches a stable CV [17] .
The second-order batter-charging system is shown in Fig. 9 . The first-order output voltage controls the charging of the Li-ion battery via the buck converter, and the voltage feedback control of the Li-ion battery forms a closed-loop control system. This control system controls the battery charging voltage at V B ≤ V r , so that the Li-ion battery is not over charged. The V B is battery voltage, V r is control voltage, V e is the steady-state error of system. The steady-state error V e is controlled to make
The PI controller controls the steady-state error V e at 0, so that the battery voltage V B does not exceed control voltage V r , thus achieving CV.
The operating principle of the DC/DC buck converter is the same as that of the boost converter, when S 2 = 1, it is in cut-on state, when S 2 = 0, it is in the cut-off state. Fig. 10 shows the equivalent circuit of the DC/DC buck converter in cut-on and cut-off, the transfer function of input and output is deduced from this system
where U is the duty cycle of the DC/DC Buck Converter.
The transfer function T (s) of the whole charging system is deduced from the transfer function of the DC/DC Buck Converter and PI controller 
The result shows that if k P and k I are greater than 0, the poles of this system are in the left half of Plane s, namely, the stability of this system can be controlled when the PI controller is added in. Fig. 11 shows the system structure of this paper. The PV Panel is the simulated solar cell. The MPPT controller generates the PWM of the duty cycle to drive the MosFET of the DC/DC boost converter, so that the solar cell works at the MPPT, and the cell terminal feeds back the voltage. The PI controller generates the PWM of the duty cycle to drive the MosFET of DC/DC Buck Converter
Simulation results
This study used SIMULINK and SIMPOWER of MATLAB to simulate solar panel of SM8656. The DATASHEET is shown in Table 1 .
This study integrated solar MPPT with charging control of the Li-ion battery, and used the SIMULINK and SIMPOWER of MATLAB for simulation. The GAtool was used to realize the GA. The simulation results are shown below. The Li-ion battery in this study was a rechargeable Li-ion battery of BT-14 500-12 (3.7 V/1200 mAH). When the rechargeable Li-ion battery was fully charged, the voltage was about 4.2 V, and the battery may explode if the charging voltage exceeds 4.3 V. is the output power of the solar cell. Fig. 13 shows that the INC can track the MPPT of SM8656 rapidly, and the steady-state oscillation is small. The constant voltage charging state of solar MPPT is shown in Figs. 13 and 14 . Fig. 13 shows the maximum power in standard test conditions (i.e. 1000 W/m 2 solar irradiance, AM1.5, 25°). According to the simulation results, the MPPT can be tracked rapidly using the Variable Step Size Incremental Conductance Method, and the oscillation effect is very small in the steady-state. Fig. 14 shows that the PI feedback controlled CV can realize the voltage-stabilized charging of the charging system. Figs. 15 and 17 shows that the MPPT system used in this study can track the MPPT effectively by changing the solar irradiance conditions. Fig. 15 shows the MPPT when the solar irradiance increased from 800 w/m 2 to 1000 w/m 2 at 25 min. Fig. 17 shows the MPPT when the solar irradiance increased from 1000 w/m 2 to 800 w/m 2 at 25 min. Figs. 16 and 18 show the simulation results of changing the solar irradiance conditions. When the solar irradiance increased from 800 w/m 2 to 1000 w/m 2 , the CV responded slowly and kept tracking 4.2 V charging. When the solar irradiance increased from 1000 w/m 2 to 800 w/m 2 , it kept tracking 4.2 V charging rapidly. The results showed that the feedback PI controlled CV can charge the Li-ion battery effectively under any solar irradiance conditions.
Conclusions
Many previous studies focused on specific system control, whereas the PV charging system proposed by this study integrated the solar MPPT and developed the most efficient charging equipment for the Li-ion battery. This integrated system can utilize solar energy and control the charging of battery at maximum efficiency, so that the Li-ion battery can be fully charged within a short time. This system is thus proven to be feasible.
Moreover, this study used the simplest CV to minimize the cost. The simulation results for different solar irradiance conditions showed that this system can track the MPPT under any condition, and the charging system can charge the Li-ion battery efficiently. The integrated system can be applied to portable equipments in the future to realize small and low cost solar chargers.
